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Regulated intramembrane proteolysis (RIP) involves cleavage of a
transmembrane segment of a protein. RIP governs diverse processes
in a wide variety of organisms and is carried out by different types of
intramembrane proteases (IPs), including a large family of metal-
loproteases. The Bacillus subtilis SpolVFB protein is a putative metal-
loprotease that cleaves membrane-tethered Pro-o¥, releasing o¥ to
direct transcription of genes necessary for spore formation. By at-
taching an extra transmembrane segment to the N terminus of
SpolVFB, expression in E. coli was improved more than 100-fold,
facilitating purification and demonstration of metalloprotease activ-
ity, which accurately cleaved purified Pro-oX. Uniquely for IPs exam-
ined so far, SpolVFB activity requires ATP, which binds to the C-
terminal cystathionine-g-synthase (CBS) domain of SpolVFB. Deleting
just 10 residues from the C-terminal end of SpolVFB nearly eliminated
cleavage of coexpressed Pro-oX in E. coli. The CBS domain of SpolVFB
was shown to interact with Pro-o* and ATP changed the interaction,
suggesting that ATP regulates substrate access to the active site and
renders cleavage sensitive to the cellular energy level, which may be
a general feature of CBS-domain-containing IPs. Incorporation of
SpolVFB into preformed liposomes stimulated its ability to cleave
Pro-oX. Cleavage depended on ATP and the correct peptide bond was
shown to be cleaved using a rapid and sensitive mass spectrometry
assay. A system for biochemical studies of RIP by a metalloprotease
in amembrane environment has been established using methods that
might be applicable to other IPs.
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uring the past decade, RIP emerged as an important

mechanism controlling diverse processes in living organisms
from bacteria to humans (1-4). Among the first IPs identified
were human site-2 protease (S2P) (5) and a bacterial ortholog in
Bacillus subtilis called SpolVFB (6-9). These proteases are
membrane-embedded, and mutational studies provided evi-
dence that they are metalloproteases with active-site residues in
transmembrane segments. Both cleave membrane-tethered tran-
scription factors (MTTFs), with S2P releasing sterol regulatory
element binding proteins or ATF6 from intracellular membranes
in processes that respond to sterol signals or unfolded proteins,
respectively (5, 10), and Spol VFB releasing oX from the outer
forespore membrane (OFM) (Fig. S1) in response to a signal
generated from within the forespore during endospore forma-
tion (8, 9). o¥ binds to core RNA polymerase (RNAP) in the
mother cell, which surrounds the forespore, and o RNAP
transcribes genes required to form the cortex and coat layers of
the spore. Proteins with sequence similarity to S2P and Spol VFB
are involved in RIP events that control bacterial mating (11),
stress responses (12-14), polar organelle biogenesis (15), cell
division (16), and pathogenesis (17).

In addition to metalloproteases, two other types of IPs have been
discovered. Rhomboids are a large family of serine proteases that
play key roles in diverse processes (4). Presenilin is the catalytic
subunit of y-secretase, an aspartyl protease that cleaves the g-amy-

16174-16179 | PNAS | September22,2009 | vol. 106 | no.38

loid precursor protein implicated in Alzheimer’s disease, as well as
Notch receptor and other substrates that govern animal growth and
development (2). Related to presenilins are signal peptide pepti-
dases, which not only clear remnant signal peptides from mem-
branes, but produce immune system signals and facilitate viral
infection (2, 3).

The involvement of IPs in processes related to disease, and the
fundamental question of how these enzymes catalyze peptide bond
hydrolysis within the hydrophobic environment of lipid bilayers, has
spurred interest in mechanistic and structural studies. Residues
important for enzyme activity and substrate recognition have been
identified by analysis of mutant alleles in vivo for many IPs and their
substrates. Activity of detergent-solubilized, purified IPs estab-
lished that the metalloprotease (18, 19), rhomboid (20-22), and
signal peptide peptidase (23) types can function as single polypep-
tides, whereas presenilin requires three other polypeptides to form
active y-secretase (24). With the exception of the metalloprotease
type, the other IP types have been reconstituted into artificial
membranes, revealing that the lipid environment can influence IP
activity (21, 25, 26). Crystal structures of detergent-solubilized,
bacterial IPs, have revealed transmembrane segments arranged to
form channels that presumably deliver water for peptide bond
hydrolysis to active sites predicted to lie within the membrane (3).
The structures suggest models for how substrates might gain access
to active sites, with certain loops or transmembrane segments
functioning as lateral gates (3).

B. subtilis Spol VFB has been proposed to be a metalloprotease
based on sequence similarity and mutational studies (8, 9), but
direct evidence has been lacking. Coexpression of Spol VFB and its
putative substrate, Pro-o¥, in Escherichia coli (Fig. S1) resulted in
production of oX, providing additional evidence that Spol VFB is an
IP (7,27), but Spol VFB accumulated poorly. Here, we demonstrate
that Spol VFB can be expressed highly in E. coli. We show that
purified Spol VFB cleaves purified Pro-o® accurately in a reaction
that depends on addition of zinc and is inhibited by the metal
chelator 1,10-phenanthroline, providing direct evidence that
Spol VFB is a metalloprotease. Interestingly, the reaction depends
on ATP, unlike other IPs examined so far. Spol VFB belongs to a
subfamily of putative metalloproteases with a C-terminal CBS
domain (28). These domains have been shown to bind adenosine-
containing ligands (29). We provide evidence that the CBS domain
of SpoI VFB is important for activity in vivo, and that ATP binds
to the purified CBS domain in vitro and affects its interaction with
Pro-oX. We propose that ATP regulates Pro-o® access to the active
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Fig. 1. Overexpression of SpolVFB and Pro-oX in E. coli. (A) Accumulation of
SpolVFB with or without N-terminal cytTM. E. coli cells bearing pZR209 to
produce cytTM-SpolVFB-FLAG;-Hisg (lanes 1 and 3) or pZR260 to produce
SpolVFB-FLAG;-Hiss (lane 2) were collected 2 h after IPTG induction. Extracts
from equivalent cell amounts (based on the ODggg of the culture) (lanes 1 and
2) or 100-fold less extract (lane 3) were immunoblotted using antibodies
against FLAG. (B) Cleavage of Pro-aX (1-126)-Hisg by TM-SpolVFB. E. coli cells
bearing pZR327 to produce Pro-oX (1-126)-Hiss S20G alone (lane 1) or in
combination with pZR209 to also produce TM-SpolVFB (lane 3), or bearing
pZR12 to produce wild-type (WT) Pro-oX (1-126)-Hisg in combination with
pPZR209 (lane 2), were collected 2 h after IPTG induction. Extracts from equiv-
alent cell amounts were immunoblotted using antibodies against FLAG (top
panel) or penta-His (bottom panel).

site of Spol VFB and that energy-sensing might be a general feature
of CBS domain-containing IPs. Incorporation of SpoIlVFB into
artificial membranes stimulated its ability to cleave Pro-o%, and
cleavage depended on ATP and was accurate, establishing that
intramembrane proteolysis of an MTTF by a metalloprotease can
be reconstituted in vitro.

Results

Overexpression of B. subtilis SpolVFB and Pro-oX in E. coli for
Purification. Native SpolVFB is expressed poorly in E. coli,
making it difficult to purify for biochemical studies. Expression
of some membrane proteins can be improved by fusion with a
transmembrane segment (denoted cytTM, residues 1-23) from
rabbit cytochrome P450 2B4 (30). The coding sequence for this
segment was fused to the 5'-end of the B. subtilis spol VFB gene
in an expression vector designed to produce cytTM-Spol VFB-
FLAG,-His, (hereafter referred to as TM-Spol VFB), which also
has two FLAG tags and six histidine residues fused to its C
terminus to facilitate detection and purification (Fig. S1). Ad-
dition of cytTM to Spol VFB-FLAG:,;-Hiss increased its accu-
mulation at least 100-fold (Fig. 14). TM-SpolVFB cleaved
Pro-o® (1-126)-Hise accurately to o® (21-126)-His, (Fig. 1B,
lane 2), as shown previously for recombinant His;o-Spol VFB-
GFP expressed in E. coli (27), and as verified for TM-Spol VFB
by determining the N-terminal amino acid sequence (by Edman
degradation) of the o¥ (21-126)-Hiss product. TM-Spol VFB
also accurately cleaved Pro-oX (1-126)-Hise with a substitution
of glycine for serine at residue 20 (S20G) immediately preceding
the cleavage site, based on the N-terminal amino acid sequence
of the product, and cleavage of this substrate was enhanced
relative to the wild-type substrate (Fig. 1B, lane 3). Therefore,
we purified Pro-o® (1-126)-Hiss S20G (designated Pro-o® S20G
hereafter) and TM-Spol VFB for biochemical studies.

Activity of several different IPs has been observed in vitro in
the presence of the nonionic detergents n-dodecyl-B-D-
maltoside (DDM) or n-decyl-p-D-maltoside (DM) (18-23).
DDM and DM were ineffective at solubilizing TM-Spol VFB
from membranes as compared with sodium dodecanoyl sar-
cosine (sarkosyl), so the latter was used for initial solubilization,
followed by a switch to DM during purification. TM-Spol VFB
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Fig.2. Cleavage of Pro-o*S20G by TM-SpolVFB in vitro requires zincand ATP.
Reaction mixtures contained the indicated components, and after incubation,
were immunoblotted using antibodies against FLAG (top panel) or penta-His
(bottom panel). Lane 3 shows a control reaction mixture that contained only
TM-SpolVFB. Lane 4 shows a control for lane 5, since 1,10-phenanthroline was
dissolved in ethanol.

was purified by cobalt-affinity chromatography followed by gel
filtration (Fig. S2A4). As a negative control, a mutant form of
TM-SpoI VFB with a substitution of glutamine for glutamate at
residue 44 (E44Q) was purified in parallel (Fig. S24). The E44Q
substitution is hypothesized to inactivate the putative metal-
loprotease by preventing activation of a water molecule for
peptide bond hydrolysis (8, 9). A similar approach was used to
purify Pro-o® S20G except it was solubilized from membranes
with a combination of sarkosyl and DDM, followed by a switch
to DDM alone during purification (Fig. S2B).

Cleavage of Pro-o* S20G by TM-SpolIVFB in Vitro. To test for cleavage
of Pro-a% S20G by TM-Spol VFB in vitro, the proteins were
incubated together in the presence of DM (0.1%) and DDM
(0.015%). TM-SpoIVFB cleaved Pro-o® S20G in a reaction
mixture that also contained zinc acetate and ATP (Fig. 2, lane
2), but TM-Spol VFB E440Q did not cleave Pro-o¥ S20G (Fig. 2,
lane 1), providing direct evidence that Spol VFB is the protease
that cleaves Pro-oX, and supporting the idea that E44, as part of
the HEXXH motif found in metalloproteases (7), plays a crucial
role in catalysis (7-9). As expected for a metalloprotease,
TM-SpoIl VFB cleavage of Pro-o® S20G was inhibited by the
metal chelator 1,10-phenanthroline (Fig. 2, lane 5). Omission of
zinc acetate from the reaction mixture prevented cleavage (Fig.
2, lane 7), suggesting that TM-Spol VFB becomes zinc-depleted
during purification. Interestingly, and uniquely for intramem-
brane proteases described so far, cleavage of Pro-o® S20G by
TM-SpoI VFB was dependent on ATP (Fig. 2, lane 6). Neither
ADP nor GTP had the strong stimulatory effect of ATP. Taken
together, these results show that SpoIVFB is a zinc- and ATP-
dependent metalloprotease that cleaves Pro-oX.

When wild-type Pro-oX (1-126)-Hise lacking the S20G sub-
stitution was purified as described for Pro-o® S20G and incu-
bated with TM-SpolVFB as described above, cleavage was
barely detectable, consistent with the enhanced cleavage of
Pro-oX S20G relative to the wild-type substrate in vivo (Fig. 1B).

Role of ATP and the CBS Domain of SpolVFB in Cleavage of Pro-oX.
Since SpolVFB belongs to a subfamily of putative metal-
loproteases with a C-terminal CBS domain (28) and since these
domains have been shown to bind adenosine-containing ligands
(29), we hypothesized that the ATP dependence of Pro-o%
cleavage by TM-SpoI VFB in vitro reflects an important role of
the CBS domain in binding ATP. To test the importance of the
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Fig.3. Role of ATP and the CBS domain of SpolVFB in cleavage of Pro-oX. (4)
The C-terminal 10 residues of SpolVFB are important for cleavage of Pro-oX. E.
coli cells bearing pZR12 to produce Pro-aX (1-126)-Hisg and either pZR209 to
produce wild-type (WT) TM-SpolVFB (lane 1) or pZR244 to produce mutant
TM-SpolVFB lacking the C-terminal 10 residues (CA10) (lane 2), were collected
2 h after IPTG induction. Extracts from equivalent cell amounts were immu-
noblotted using antibodies against FLAG (top panel) or penta-His (bottom
panel). (B) The CBS domain of SpolVFB binds ATP. The Immobilon-P membrane
was subjected to autoradiography to detect [a-32P]JATP bound to protein (lane
3), then stained with Coomassie blue to detect Hisqo-CBS (lane 2) and marker
proteins (lane 1). (C) ATP affects the interaction of Pro-oX with the CBS domain
of SpolVFB. Cobalt-affinity chromatography of Hisio-CBS and coexpressed
Pro-oX (1-126)-FLAG; in the absence (lane 1) or presence (lane 2) of ATP as
indicated with the flow-through (unbound) and high imidazole eluate
(bound) immunoblotted using antibodies against penta-His and FLAG to
detect His1o-CBS and Pro-oX (1-126)-FLAG,, respectively.

< His, ,-CBS dimer

}Hile-CBS
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CBS domain in vivo, we deleted the coding sequence for the
entire domain (residues 204 to 288) from the spolVFB gene in
the expression vector designed to produce TM-Spol VFB. Upon
coexpression in E. coli with Pro-o®X S20G, very little or no
cleavage was observed, but TM-Spol VFB lacking the CBS
domain accumulated poorly (Fig. S3). Based on genetic studies
(31), it appeared that deletion of 10 residues from the C-terminal
end of Spol VFB might render it inactive. Indeed, deletion of
residues 279 to 288 from TM-Spol VFB nearly eliminated cleav-
age of coexpressed Pro-o® S20G in E. coli, while only slightly
impairing accumulation of the enzyme (Fig. 34). We conclude
that the CBS domain of TM-SpoIVFB is important for the
protein to accumulate in E. coli and that the C-terminal 10
residues of this domain are important for activity in vivo.

To test whether the CBS domain of SpoIVFB binds ATP, we
expressed the N-terminally histidine-tagged domain (His;o-CBS) in
E. coli for purification. Surprisingly, His;o-CBS was predominantly
membrane-associated, so membranes were isolated and His;o-CBS
was solubilized with a combination of sarkosyl and DDM, followed
by a switch to DDM alone during purification using cobalt-affinity
chromatography (Fig. S2C). Purified His;o-CBS was incubated with
[a-3?P]ATP, then the sample was mixed with SDS/PAGE sample
buffer, but it was not boiled before SDS/PAGE and transfer to an
Immobilon-P membrane. The membrane was subjected to autora-
diography and then stained with Coomassie blue to detect labeled
ATP that had bound to protein. Under these conditions of incom-
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plete denaturation, His;o-CBS migrated as two bands at positions
expected for monomer and dimer. The two bands contained similar
amounts of protein based on the Coomassie blue staining intensity (Fig.
3B, lane 2), but the lower band bound more ATP (Fig. 3B, lane 3),
indicating that the CBS domain monomer binds ATP specifically.

Since His;o-CBS was predominantly membrane-associated in E.
coli, we tested whether it interacts with coexpressed Pro-o%. For this
experiment, we constructed Pro-o¥ (1-126) with two C-terminal
FLAG tags [Pro-o¥ (1-126)-FLAG] for detection by immunoblot.
This protein was coexpressed with His;o-CBS in E. coli, the cells
were lysed and membranes were isolated and solubilized with
sarkosyl, and His;p-CBS complexes were purified using cobalt-
affinity chromatography. Beginning at the cell lysis step, ATP (1
mM) was added to or omitted from all buffers. In the absence of
ATP, a portion of the Pro-o® (1-126)-FLAG; co-purified with
His,-CBS bound to cobalt beads (Fig. 3C, lane 1). Strikingly, in the
presence of ATP, a portion of the His;o-CBS failed to bind to the
cobalt beads and very little Pro-oX (1-126)-FLAG, was observed in
the bound fraction (Fig. 3C, lane 2). Controls showed that ATP did
not inhibit binding of His;o-CBS to cobalt in the absence of Pro-o®
(1-126)-FLAG,, and as expected, very little Pro-o® (1-126)-
FLAG:; bound to cobalt in the presence or absence of ATP. These
results show that Pro-o® (1-126)-FLAG; interacts with His;o-CBS
and that ATP affects the interaction in a way that inhibits His;o-CBS
and Pro-o¥ (1-126)-FLAG; binding to cobalt beads. Taken to-
gether, our results suggest that the role of ATP is to change the
interaction between Pro-o® and the CBS domain of Spol VFB in a
way that leads to cleavage.

Incorporation of TM-SpoIVFB and Pro-cX S20G into Preformed Lipo-
somes. To our knowledge, no purified IP of the metalloprotease
type has been incorporated into liposomes and shown to cleave
its substrate. To demonstrate that a metalloprotease can func-
tion within membranes and to establish methods for studying the
effects of lipids and inhibitors in vitro, we formed liposomes
from E. coli lipids and tested whether TM-Spol VFB and Pro-o®
S20G were incorporated into liposomes upon detergent removal.
Liposomes were formed in the presence of green pyranine dye
so that green proteoliposomes could be visualized during sub-
sequent gel filtration chromatography (Fig. S44). Both TM-
SpoIVFB and Pro-a¥ S20G were incorporated into preformed
liposomes upon slow removal of detergent by gradual addition of
Bio-SM2 beads. Green proteoliposomes eluted at the void
volume of the gel filtration column and were shown by immu-
noblot to contain TM-Spol VFB (Fig. S4B) or Pro-o% S20G (Fig.
S4D). The proteoliposomes failed to form in the absence of E.
coli lipids. TM-SpoIl VFB that had been incorporated into lipo-
somes was sedimented by high-speed centrifugation, unless the
proteoliposomes were treated with detergent to solubilize the
TM-Spol VFB (Fig. S4C). As a further control, o¥ (21-126)-Hise
was shown not to incorporate into liposomes, while Pro-o% S20G
that had been incorporated was sedimented by high-speed
centrifugation, and after treatment of these proteoliposomes
with detergent, Pro-o® S20G remained in the supernatant upon
centrifugation (Fig. S4E). We conclude that both TM-Spol VFB
and Pro-o® S20G can be independently incorporated into lipo-
somes formed from E. coli lipids.

Cleavage of Pro-oX $20G by TM-SpolVFB Proteoliposomes. To test the
ability of TM-SpoIl VFB proteoliposomes to cleave Pro-o® S20G,
we performed three types of experiments. In the first type of
experiment, TM-Spol VFB proteoliposomes and Pro-o% S20G
proteoliposomes prepared separately as described above were
mixed in the presence of zinc and ATP. To some samples, cobalt
beads were added, because the C-terminal Hise tags present on
both TM-Spol VFB and Pro-o¥ S20G were expected to bind to
cobalt on the beads, possibly bringing the enzyme and substrate
together in close proximity. Such an effect has been reported
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Fig. 4. Cleavage of Pro-oX S20G reconstituted using proteoliposmes. (A)
Experiments with Pro-o* S20G-containing proteoliposomes. Pro-oX S20G pro-
teoliposomes were mixed with TM-SpolVFB proteoliposomes (lanes 1 and 2),
or proteoliposomes were formed in the presence of both Pro-o* S20G and
TM-SpolVFB (lanes 3 and 4). To the indicated samples, cobalt beads were
added, and after incubation, samples were immunoblotted using antibodies
against FLAG (top panel) or penta-His (bottom panel). (B) Experiment with
purified Pro-oX S20G. TM-SpolVFB E44Q proteoliposomes (lanes 1 and 3),
TM-SpolVFB proteoliposomes (lanes 4 and 5), and purified Pro-o*X S20G (lanes
2-4) were incubated alone or in combination, and samples were immuno-
blotted as in A. (C) Activity of TM-SpolVFB proteoliposomes compared with
purified TM-SpolVFB, and comparing different substrates. Purified Pro-o*
(1-126)-Hisg wild-type (WT) (lane 3) or S20G mutant (lanes 1 and 2) substrate
was incubated with purified TM-SpolVFB (lane 1) or with TM-SpolVFB proteo-
liposomes (lanes 2 and 3) and samples were immunoblotted as in A.
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previously for soluble His-tagged proteins (32), and cobalt beads
stimulated cleavage of Pro-o® S20G by TM-Spol VFB in some
experiments when detergent-solubilized proteins were mixed,
but the effect was not reproducible. However, cobalt beads
reproducibly stimulated cleavage when TM-Spol VFB proteoli-
posomes and Pro-o® S20G proteoliposomes were mixed (Fig.
44, lane 2). Very little or no cleavage was observed if proteo-
liposomes were mixed and incubated in the absence of cobalt
beads (Fig. 44, lane 1).

We reasoned that incorporation of enzyme and substrate into the
same liposome might facilitate cleavage, so in a second type of
experiment, purified TM-Spol VFB and Pro-oX S20G were mixed
before incorporation into liposomes as described in Fig. S4A4. Since
cleavage might occur during proteoliposome formation (although
zinc and ATP were not added), samples were analyzed by immu-
noblot after detergent removal (Fig. S44, step 3) and after gel
filtration chromatography (Fig. S4A4, step 4), but little or no
cleavage was observed. On the other hand, incubation of the
proteoliposomes in the presence of zinc, ATP, and cobalt beads
stimulated a comparable amount of cleavage (Fig. 44, lane 4) as
observed in the first type of experiment (Fig. 44, lane 2).

Since purified Pro-o®X S20G could be incorporated into pre-
formed liposomes (Fig. S4), we added purified Pro-o® S20G to
TM-Spol VFB proteoliposomes in a third type of experiment. In
the presence of zinc and ATP (Fig. 4B, lane 4), the amount of

Zhou et al.

cleavage product was obviously greater than in the first and
second types of experiments (Fig. 44). Cleavage was dependent
on addition of zinc and ATP, but not on addition of cobalt beads,
and was inhibited by 1,10-phenanthroline. In the presence of zinc
and ATP, control experiments demonstrated that TM-Spol VFB
E44Q proteoliposomes incubated alone (Fig. 4B, lane 1) or with
purified Pro-o® S20G (Fig. 4B, lane 3), or incubation of wild-
type TM-SpoI VFB proteoliposomes alone (Fig. 4B, lane 5) or
purified Pro-o% S20G alone (Fig. 4B, lane 2), failed to produce
the cleavage product.

After incorporation into proteoliposomes, TM-Spol VFB re-
producibly produced more cleavage product when incubated
with purified Pro-o® S20G (Fig. 4C, lane 2) than did purified
TM-SpoIVFB (Fig. 4C, lane 1). Also, TM-Spol VFB proteoli-
posomes exhibited enhanced cleavage of Pro-o® S20G (Fig. 4C,
lane 2) relative to wild-type Pro-oX (1-126)-Hise lacking the
S20G substitution (Fig. 4C, lane 3). We conclude that TM-
SpoI VFB reconstituted into artificial membranes is more active
than purified TM-SpoIVFB, and TM-SpolVFB proteolipo-
somes have the same preference for S20G mutant substrate as
observed for purified TM-Spol VFB and in vivo (Fig. 1B).

To determine whether TM-SpolVFB proteoliposomes
cleaved Pro-o® S20G accurately, we used mass spectrometry to
measure the mass of the cleavage product. The products from a
reaction (like that shown in Fig. 4B, lane 4) in which purified
Pro-o® S20G had been incubated with TM-Spol VFB proteoli-
posomes, were concentrated and analyzed by MALDI-TOF
mass spectrometry (Fig. S54). The masses of the two species
observed at m/z 15,030 and m/z 12,869 were in good agreement
with the predicted masses for Pro-o® $20G (15,031 Da) and o®
(21-126)-Hise (12,853 Da), respectively. As controls, incubation
of TM-Spol VFB E44Q proteoliposomes with purified Pro-o®
S20G failed to produce the smaller species (Fig. SSB) and
incubation of TM-SpoI VFB proteoliposomes alone produced
neither species (Fig. S5C), in agreement with immunoblots (Fig.
4B). We conclude that TM-Spol VFB proteoliposomes cleave
the same glycine-tyrosine bond in Pro-o® S20G as is cleaved by
TM-SpoIVFB expressed in E. coli, which corresponds to the
serine-tyrosine bond in Pro-o¥ that is cleaved by SpolVFB
during B. subtilis sporulation (33).

Discussion

We have reconstituted cleavage of Pro-¢¥ in vitro both with
detergent-solubilized, purified Spol VFB and with the enzyme
incorporated into artificial membranes. Poor accumulation of
SpoI VFB upon expression in E. coli using a T7 RNAP system
was overcome by the addition of an extra transmembrane
segment from rabbit cytochrome P450 2B4. This allowed puri-
fication of TM-Spol VFB in sufficient quantities for biochemical
studies, which provided direct evidence that SpoIlVFB is a
metalloprotease. We discovered that cleavage of Pro-oX by
SpolVFB requires ATP, probably to promote a productive
enzyme/substrate interaction, and this might couple o® activity
to energy availability during sporulation. Incorporation of
Spol VFB into liposomes formed from E. coli lipids stimulated its
ability to cleave Pro-oX, demonstrating that intramembrane
proteolysis of an MTTF by a metalloprotease can be reconsti-
tuted in vitro. Moreover, Spol VFB proteoliposomes exhibited
the same preference for S20G mutant substrate compared with
wild-type substrate as observed for SpolVFB and substrates
coexpressed in E. coli, showing that the reconstituted system can
faithfully discriminate different substrates. Our approach likely
can be applied to other IPs and should permit a deeper under-
standing of these important enzymes by facilitating mechanistic
and structural studies, and the development of novel inhibitors.

The rationale for constructing TM-Spol VFB arose from the
observation that the composition of the nascent N-terminal
polypeptide can impact the recognition and insertion process of
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the protein translocon (34). By selecting an N-terminal trans-
membrane segment that is efficiently recognized and inserted
into the E. coli inner membrane, a TM-fusion construct might be
created that increases the level of properly incorporated target
membrane protein. We selected the N-terminal transmembrane
segments from three different membrane proteins that are
readily incorporated into the E. coli inner membrane such that
a very high yield (>10 mg purified protein per liter culture) is
achieved (30, 35). The coding sequences for the three trans-
membrane segments (including cytTM) were cloned and used to
create sets of expression vectors. The optimized expression
construct used in this study yields TM-SpoI VFB in which cytTM
is predicted to be oriented with its N terminus in the periplasm
of E. coli (Fig. S1). Addition of cytTM to the N terminus of
Spol VFB-FLAG:,;-Hise increased its accumulation in E. coli at
least 100-fold upon induction using a T7 RNAP system (Fig. 14).
The success of the TM-fusion in increasing the yield of Spol VFB
begs the question whether TM-fusions with other IPs might
enhance their accumulation in E. coli to allow biochemical and
structural analyses.

Activity of Spol VFB in vitro was dependent on the addition
of zinc and was inhibited by addition of the metal chelator
1,10-phenanthroline. Inhibition by 1,10-phenanthroline was ob-
served for purified E. coli RseP (also known as YaeL) (19) and
a C-terminally-truncated fragment of a Methanocaldococcus
jannaschii S2P homolog (mjS2P) (18), two metalloprotease-type
IPs whose activity has been observed in the presence of deter-
gents. Dependence of RseP on zinc was not tested, but 5 uM zinc
acetate was included in reactions (19). In the case of mjS2P, zinc
addition to reactions was not necessary to observe protease
activity, and zinc was bound to the protein fragment in an
~approximate 1:1 molar ratio (18). Unlike RseP and mjS2P
expressed in E. coli, which were solubilized from membranes by
1% DDM or 1% DM, respectively, TM-SpolVFB was not
efficiently solubilized by these non-ionic detergents, but was
efficiently solubilized by 1% sarkosyl, an ionic detergent. It is
possible that zinc is lost from TM-Spol VFB during solubilization
or a subsequent purification step, necessitating addition of zinc
to the in vitro reaction.

In contrast to IPs studied previously, we discovered that
SpoIVFB requires ATP to cleave its substrate. Our results
suggest that the role of ATP is to bind to the CBS domain of
SpoI VFB and change its interaction with Pro-oX in a way that
leads to cleavage. Binding of ATP and Pro-oX to the N-
terminally histidine-tagged CBS domain appeared to inhibit
binding of the complex to cobalt beads (Fig. 3C). The N-terminal
end of the CBS domain follows transmembrane segment 6 of
SpoIVFB, which has been proposed to be involved in regulating
substrate access to the active site by functioning as a lateral gate
(18), so we propose that ATP changes the conformation of the
Spol VFB/Pro-c® complex to open the gate (Fig. S6). In addi-
tion, ATP might influence Spol VFB oligomerization since the
CBS domain monomer bound more ATP than the dimer (Fig.
3B). During gel filtration chromatography (in the absence of
ATP), the peak of detergent-solubilized TM-Spol VFB eluted at
~approximately 320 kDa, consistent with a tetramer if associ-
ated detergent roughly doubles the molecular weight. Perhaps
ATP facilitates both SpolVFB monomer formation and its
productive interaction with substrate. CBS domains have been
shown to bind adenosine-containing ligands such as ATP, ADP,
AMP, and/or S-adenosylmethionine, and appear to function as
sensors of cellular energy status that regulate the activity of
metabolic enzymes, kinases, and channels (29). By analogy, we
propose that the CBS domain of Spol VFB regulates its activity
in response to ATP, serving as an energy-sensing switch or
rheostat that governs expression the o® regulon. The CBS
domain of Spol VFB is exposed to the mother cell cytoplasm, but
recent studies suggest that metabolites like ATP are shared
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through channels that form between the mother cell and the
forespore (36, 37), so activation of the o¥ regulon could be
coupled to the overall energy status of the developing organism.

Spol VEB is representative of a subfamily of putative metal-
loprotease-type IPs with one or more C-terminal CBS domains
(28). Subfamily members are found in bacteria, archaea, and
plants. CBS domains typically occur as tandem pairs that asso-
ciate to form a Bateman domain (38, 39). Interestingly, full-
length mjS2P is predicted to have a C-terminal Bateman domain,
but this part of the protein was removed from the fragment
whose structure was determined (18). Activity of C-terminally-
truncated mjS2P in vitro did not require addition of ATP to
cleave an artificial protein substrate (18), so it remains an open
question whether full-length mjS2P would require ATP to cleave
a natural substrate. E. coli RseP is not predicted to have a CBS
domain and the purified enzyme did not require addition of ATP
to cleave its natural substrate (19). B. subtilis SpoI VFB and its
orthologs in Bacilli are predicted to have a single C-terminal CBS
domain. We speculate that energy sensing is a general charac-
teristic of CBS-domain-containing IPs.

Our effort to reconstitute intramembrane proteolysis of
Pro-o¥ by Spol VFB in vitro was facilitated by our finding that
Pro-o® S20G is more readily cleaved than the wild-type sub-
strate. We hypothesized that a residue with a small side chain at
the position preceding the cleavage site might improve access to
the target peptide bond. Indeed, the S20G substitution in Pro-o®
increased cleavage upon coexpression with SpoIl VFB in E. coli
(Fig. 1B). Moreover, Pro-o® S20G was a better substrate for
purified TM-SpoI VFB and for TM-Spol VFB proteoliposomes
(Fig. 4C). The results with purified enzyme indicate that a
membrane environment is not required for better cleavage of the
mutant substrate, suggesting that the S20G substitution changes
the interaction of Pro-o® with Spol VFB rather than changing its
interaction with membranes. The rhomboid IP, GlpG of E. coli,
also prefers a residue with a small side chain at the position
preceding the cleavage site (40), so this could be a broadly-
conserved characteristic of IPs. Our results demonstrate that
Pro-oX can interact directly with an artificial membrane. Previ-
ous studies showed that residues 1-27 of Pro-oX are sufficient for
membrane localization of a Pro-o®-GFP chimera in B. subtilis
(41) and that Pro-oX is predominantly membrane-associated
when expressed in E. coli (27). However, the findings that Pro-o®
could be partially solubilized from membranes by salt treatment
and that Pro-o® partitioned to the aqueous phase of a Triton
X-114 fractionation experiment suggested that the pro-sequence
might not insert into a membrane like a typical transmembrane
segment or that Pro-oX might interact with an unidentified
protein in the membrane (42). The latter model appears to be
incorrect since Pro-a® S20G associates readily with preformed
liposomes made using E. coli lipids (Fig. S4). Whether the
pro-sequence spans the membrane as depicted in Fig. S1 or
interacts differently with the membrane is unknown, but clearly
Pro-o¥ is an MTTF.

Incorporation of Spol VFB into liposomes stimulated its ability to
cleave Pro-o®. The liposomes were formed from E. coli lipids in this
study, but the establishment of a proteoliposome system opens the
door for exploration of lipid effects on a metalloprotease-type IP.
Particular lipids or lipid mixtures dramatically increase or decrease
activity of other types of IPs (21, 25, 26). SpolVFB normally
functions in the OFM during B. subtilis sporulation (Fig. S1) (43).
The OFM is derived from the mother cell membrane and although
its lipid composition is unknown, it very likely differs greatly from
E. coli lipids. Knowledge about the lipid environment that favors
SpoIl VFB activity should facilitate efforts toward crystallization and
structure determination. Reconstitution into proteoliposomes also
allows a more realistic assessment of potential IP inhibitors (26) and
rapid, sensitive quantification of cleavage by mass spectrometry, an
assay amenable to high-throughput screening. Spol VFB is inhib-
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ited by a small, membrane protein, BofA, which has been proposed
to provide a fourth zinc ligand in a complex that also includes the
Spol VFA membrane protein (27). Cleavage of Spol VFA and BofA
by serine proteases secreted from the forespore into the space
between the inner forespore membrane (IFM) and OFM (Fig. S1)
appears to relieve inhibition of SpoI VFB (44-46). While recon-
struction of this entire signal transduction pathway remains a
daunting challenge, the reconstitution of active Spol VFB proteo-
liposomes described herein should facilitate mechanistic studies of
the natural inhibitor BofA and screening for artificial inhibitors.
The insights gained from this study and the methods developed may
be applicable to other IPs, some of which are potential targets for
therapeutic intervention (1, 17).

Materials and Methods

Construction of Plasmids. Plasmid descriptions and details of their construction
are in Table S1. Sequences of oligonucleotides are in Table S2. Mutations were
introduced into sigK or spolVFB using the QuikChange site-directed mutagenesis
kit (Stratagene). All cloned PCR products and all mutagenized genes were sub-
jected to DNA sequencing to confirm the presence of the desired sequences.

Small-Scale Overexpression of Proteins and Inmunoblots. Plasmids were trans-
formed into E. coli BL21(DE3) (Novagen) and strains were grown and induced
with IPTG to overexpress proteins as described (27). Whole-cell extracts were
prepared and immunoblots were performed as described (27). Horseradish
peroxidase-conjugated antibodies against penta-His (Qiagen) and against
FLAG (Sigma) were used at 1:5,000 dilution.
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Large-Scale Overexpression of Proteins for Purification. Overexpression of
proteins, membrane isolation and solubilization, and protein purification are
described in the S/ Materials and Methods.

Reaction Mixtures with Purified Proteins. Reaction mixtures for in vitro prote-
olysis and ATP binding are described in the S/ Materials and Methods.

Interaction of Pro-o* with the CBS Domain of SpolVFB. Overexpression of
proteins, membrane isolation and solubilization, and cobalt-affinity chroma-
tography are described in the S/ Materials and Methods.

Liposome Experiments. The preparation of liposomes, incorporation of pro-
teins into liposomes, and reaction mixtures with proteoliposomes are de-
scribed in the S/ Materials and Methods.

Mass Spectrometry. MALDI-TOF analysis was perfomed as described in the S/
Materials and Methods.
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